Background: Unconventional secretion of both HIV-Tat and FGF2 depends on the phosphoinositide PI(4,5)P 2 . Results: HIV-Tat forms membrane-inserted oligomers concomitant with PI(4,5)P 2 -dependent membrane pore formation. Conclusion: HIV-Tat and FGF2 show similar properties with a tight correlation between membrane pore formation and unconventional secretion from cells. Significance: Evidence is provided that suggests a common mechanism of unconventional secretion with potential relevance for a broad range of cargoes.
The HIV-1 transactivator of transcription (HIV-Tat) 2 is a small protein of 86 -101 amino acids that is synthesized in the very early steps of viral infection. HIV-Tat is a regulatory protein involved in viral gene expression by enhancing transcriptional rates and, therefore, is crucial for viral viability (1, 2) . In addition to these classical functions, HIV-Tat is secreted from infected cells, followed by uptake by non-infected cells (3) (4) (5) (6) . An extracellular localization of HIV-Tat is also evident from studies demonstrating substantial levels of HIV-Tat in the sera of patients with AIDS (7, 8) . Despite the lack of a signal peptide, secretion of HIV-Tat has been shown to occur independent of cell damage, and, therefore, HIV-Tat has been classified as a protein secreted by unconventional means (4, 9 -14) . Extracellular HIV-Tat is supposed to be essential for viral spread and plays an important role in AIDS pathogenesis by modulating the immune response (9, 12, 14) . Recent studies indicate that vaccination with anti-Tat antibodies slows down AIDS progression and may restore immune functions (15) (16) (17) .
The externalization of a subpopulation of HIV-Tat molecules has recently been shown to occur by direct translocation across plasma membranes (18) . This process has been further demonstrated to depend on the phosphoinositide phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) (19) . These features point to the possibility that HIV-Tat and FGF2 share a similar mechanism of unconventional secretion to gain access to the extracellular space (10, 20) . As with HIV-Tat, FGF2 secretion is mediated by direct translocation across the plasma membrane (21, 22) . This process is initiated by recruitment of FGF2 at the inner leaflet mediated by PI(4,5)P 2 (23, 24) and an integral membrane protein, ATP1A1 (25) . FGF2 translocation into the extracellular space involves membrane insertion of oligomeric forms of FGF2 and the formation of membrane pores (13, 26 -29) . This process is triggered by the interaction of FGF2 with PI(4,5)P 2 (29, 30) and is regulated by Tec-kinase-mediated tyrosine phosphorylation of FGF2 (29 -31) . More recently, oligomerization of membrane-inserted forms of FGF2 has been shown to be driven by the formation of intermolecular disulfide bridges (26) . Their formation depends on two conserved surface-exposed cysteines uniquely present in FGF2 but absent in signal peptide-containing FGF family members. In a late step of FGF2 membrane translocation, membrane proximal heparan sulfate proteoglycans act as an extracellular trap, resulting in the translocation of FGF2 to cell surfaces (32, 33) .
On the basis of the observation that unconventional secretion of HIV-Tat from infected T cells depends on PI(4,5)P 2 (19) , we tested whether HIV-Tat shares biochemical and biophysical properties with FGF2 in terms of membrane-associated intermediates relevant for unconventional secretion. We found that HIV-Tat shares a number of key features known from FGF2 as being relevant for unconventional secretion. Most importantly, this includes the formation of membrane-inserted oligomers and the ability of HIV-Tat oligomers to form membrane pores in a PI(4,5)P 2 -dependent manner. Although HIV-Tat bound to a range of acidic membrane lipids, membrane pore formation was largely dependent on a functional interaction between HIV-Tat and PI(4,5)P 2 . Although the general ability of HIV-Tat to form membrane pores resembled the properties of FGF2, HIV-Tat oligomers formed pores with much higher efficiency and at significantly lower protein concentrations. Also, as opposed to FGF2, oligomerization and membrane pore formation by HIV-Tat was not dependent on the formation of intermolecular disulfide bridges. In conclusion, our combined findings suggest a common core mechanism for the secretion of HIV-Tat and FGF2 on the basis of PI(4,5)P 2 -dependent membrane pore formation. However, this study also reveals mechanistic differences between HIV-Tat and FGF2 with regard to the formation of membrane-inserted oligomers as intermediates during unconventional secretion.
Experimental Procedures
Recombinant Proteins and Antibodies-HIV-Tat variants (Tat wild-type, Tat W11Y, Tat R49Q/K50Q/K51Q, and Tat W11Y/R49Q/K50Q/K51Q) were expressed as recombinant fusion proteins in Escherichia coli strain W3110Z1 (37°C for 6 h in LB medium (10 g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl)) using the expression vector pQE30 (Qiagen). HIV-Tat variants were affinity-purified through a N-terminal His tag using denaturing conditions (6 M guanidinhydrochloride and 10 mM tris(2-carboxyethyl)phosphine (34)), followed by refolding through buffer exchange using buffer A (25 mM HEPES and 150 mM KCl (pH 7.4)). The wild-type form of His-tagged HIV-Tat was used to generate polyclonal antibodies in rabbits employing standard procedures. Expression and purification of a phosphomimetic form of FGF2 (FGF2-Y81pCMF) was performed as described previously (26, 29) .
Preparation of Liposomes-All lipids were from Avanti Polar Lipids: phosphatidylcholine (PC), phosphatidylinositol (PI), and phosphatidylethanolamine (PE) from bovine liver; phosphatidylserine (PS) and PI(4,5)P 2 from porcine brain; cholesterol (Chol) from ovine wool; sphingomyelin (SM) from poultry eggs; and lissamine rhodamine B-labeled PE (16:0) (a synthetic product included to monitor liposome formation). All lipids were stored at Ϫ20°C under argon. Liposomes were made as described previously (23, 24) . Lipid mixtures were prepared in chloroform that was evaporated under a stream of nitrogen. The resulting lipid film was further dried under vacuum for 1.5 h and then resuspended in buffer B (25 mM HEPES, 150 mM KCl (pH 7.4), and 10% (w/v) sucrose) at 45°C to form liposomes with a final lipid concentration of 4 mM for binding experiments. Unilamellar liposomes were made by 10 freeze/thaw cycles, followed by size extrusion through a 400-nm filter 21 times (Avanti Polar Lipids mini extruder). Analysis of liposome preparations using dynamic light scattering (Wyatt Technology, DynaPro NanoStar) showed a size distribution of 200 -400 nm in diameter. The following lipid mixtures were used to generate liposomes: liposomes with a plasma membrane-like (PMlike) lipid composition (17.5 mol% PC, 9.0 mol% PE, 5.0 mol% PI, 5.0 mol% PS, 12.5 mol% SM, 50.0 mol% Chol, and 1.0 mol% Rhod-PE), PM-like without PI and PS (27.5 mol% PC, 9.0 mol% PE, 12.5 mol% SM, 50.0 mol% Chol, and 1.0 mol% Rhod-PE), PM-like with PI(4,5)P 2 (15.5 mol% PC, 9.0 mol% PE, 5.0 mol% PI, 5.0 mol% PS, 12.5 mol% SM, 50.0 mol% Chol, 1.0 mol% Rhod-PE, and 2.0 mol% PI(4,5)P 2 ), PMlike with Ni-NTA (15.5 mol% PC, 9.0 mol% PE, 5.0 mol% PI, 5.0 mol% PS, 12.5 mol% SM, 50.0 mol% Chol, 1.0 mol% Rhod-PE, and 2.0 mol% Ni-NTA), PC (99.0 mol% PC and 1.0 mol% Rhod-PE), PC with PI(4,5)P 2 (89.0 mol% PC, 1.0 mol% Rhod-PE, and 10.0 mol% PI(4,5)P 2 ), and PC with Ni-NTA (89.0 mol% PC, 1.0 mol% Rhod-PE, and 10.0 mol% Ni-NTA).
Analysis of Protein-Lipid Interactions Using Flotation Gradients-Binding of HIV-Tat variant forms and FGF2-Y81pCMF to liposomes of various lipid compositions was analyzed as follows. Proteins (5 M) were first incubated with liposomes for 30 min at 25°C in buffer A. Membranes were reisolated by flotation using Nycodenz density gradients (40: 30:0% (w/v) in buffer A) as described in Ref. 35 . Following ultracentrifugation, gradients were divided into four fractions, with the floated liposomes being contained in fraction 1. Samples were analyzed by SDS-PAGE under reducing conditions (2.25% of both the load and fractions 1-4), followed by Western blotting using anti-Tat (this study) and anti-FGF2 (36) antibodies, respectively. Signals were recorded using an Odyssey infrared imaging system and quantified using Image Studio software version 2.1.10 (LI-COR Bioscience). For carbonate extraction, a membrane binding assay was performed as described above, adding Na 2 CO 3 (pH 11) at a final concentration of 100 mM prior to flotation. Buffer A was used as a control.
Conformational Analysis of HIV-Tat in the Absence and Presence of Membranes Using FTIR Spectroscopy-To detect conformational changes in HIV-Tat upon binding to membranes, FTIR spectra were recorded. Because of a technical limitation of this method, high protein concentrations are required (37) . Therefore, measurements were conducted at a final concentration of HIV-Tat of 435 M incubated with either PC, PM-like with PI(4,5)P 2 , or PC with PI(4,5)P 2 liposomes. Control conditions included measurements with liposomes alone (PC, PMlike with PI(4,5)P 2 , and PC with PI(4,5)P 2 ; 2 mM total lipid) and HIV-Tat wild-type (435 M, 5 mg/ml) alone. All measurements were conducted in buffer A in a Bio-ATRII cell using a Tensor 27 instrument (Bruker, Ettenheim, Germany). Spectra were corrected for water vapor and vector-normalized.
Analysis of Membrane Pore Formation by Phosphomimetic FGF2 and HIV-Tat Variant Forms-Membrane pore formation by HIV-Tat variants and FGF2-Y81pCMF was analyzed as described previously (26, 29) . In brief, liposomes with various lipid compositions were prepared in reconstitution buffer C (25 mM HEPES, 100 mM KCl (pH 7.4), and 10% (w/v) sucrose) supplemented with the membrane-impermeant fluorophore 5(6)carboxyfluorescein (Sigma) at a final concentration of 100 M and a total lipid concentration of 8 mM. To separate extraluminal carboxyfluorescein, liposomes were first diluted in buffer A (25 mM HEPES and 150 mM KCl (pH 7.4)) and collected by centrifugation at 15,000 ϫ g for 10 min at 20°C, followed by size exclusion chromatography using a PD10 column (GE Healthcare). The column was equilibrated beforehand in buffer D (25 mM HEPES, 150 mM KCl (pH 7.4), 10% (w/v) sucrose, and 2% (w/v) glucose) that was titrated with glucose to reach iso-osmolality with reconstitution buffer C. Afterward, HIV-Tat variants and FGF2-Y81pCMF (at the indicated protein concentrations) were incubated with liposomes (10 M total lipid). Fluorescence dequenching was measured using a SpectraMax GeminiXS fluorescence plate reader (Molecular Devices). At the end of each experiment, Triton X-100 (0.2% (w/v) final concentration) was added to measure the maximal dequenching signal, which was used to normalize data. To investigate a potential role of cysteine residues in oligomerization-dependent membrane pore formation, the assay was performed in the presence and absence of the reducing agent DTT at a final concentration of 100 mM.
Results

HIV-Tat Oligomerizes on Membrane
Surfaces-In the first set of experiments, we analyzed whether HIV-Tat can form oligomers in the presence of liposomes containing PI(4,5)P 2 , a known property of FGF2 (13, 26, 29) . As shown in Fig. 1A , in the absence of liposomes, the vast majority of HIV-Tat remained a monomer for extended incubation times of up to 5 h. Under these conditions, only a minor dimeric form could be detected, which did not change in abundance over the time course shown (Fig. 1A) . By contrast, in the presence of liposomes with a plasma-membrane-like lipid composition including PI(4,5)P 2 , oligomerization of HIV-Tat was observed ( Fig. 1B) . This process was also evident from the concomitant decrease in HIV-Tat monomers along the time course shown. HIV-Tat dimers were most abundant at 2 h of incubation, followed by a decline at later time points indicating conversion into higher oligomers. Therefore, similar to FGF2, HIV-Tat oligomerizes in the presence of liposomes with a plasma membrane-like lipid composition including PI(4,5)P 2 .
In a second series of experiments, we analyzed the lipid binding properties of HIV-Tat and compared them with FGF2 ( Fig.  2 ). This analysis was made on the basis of flotation experiments and revealed that HIV-Tat binding to liposomes is not exclusively mediated by PI(4,5)P 2 . Rather, HIV-Tat did bind to liposomes with a plasma membrane-like lipid composition in the absence (Fig. 2C, fraction 1 ) or presence of PI(4,5)P 2 (Fig. 2D,  fraction 1 ). In addition, HIV-Tat did bind to PC liposomes containing PI(4,5)P 2 ( Fig. 2E, fraction 1) . Binding of HIV-Tat to these types of liposomes was highly efficient, with the protein appearing in floated liposomes in a quantitative manner ( Fig. 3) . By contrast, removing PS, PI, and PI(4,5)P 2 from complex plasma membrane-like lipid mixtures ( Fig. 2B, fraction 1 ) or using liposomes containing PC only ( Fig. 2A, fraction 1 ) resulted in largely reduced amounts of HIV-Tat associated with membranes ( Fig. 3 ). These properties of HIV-Tat were distinct from those of FGF2, with membrane binding being highly efficient and, beyond phosphoinositide PI(4,5)P 2 , also mediated by other acidic membrane lipids ( Fig. 3 ). As with FGF2 (Fig. 2 , D and E, fraction 1) (13, 26, 29) , and consistent with the results shown in Fig. 1 , we found that HIV-Tat forms oligomers associated with floated liposomes. Under the experimental conditions described, various mutant forms of HIV-Tat that have been described previously to be impaired in binding to PI(4,5)P 2 (19) were found to bind to PM-like liposomes (Fig. 2C, fraction 1) , PM-like liposomes containing PI(4,5)P 2 (Fig. 2D, fraction 1) , and PC liposomes containing PI(4,5)P 2 ( Fig. 2E, fraction 1) , with an efficiency comparable with the wild-type form of HIV-Tat (Fig. 3) . Like the wild-type form of HIV-Tat, binding to PM-like without PS or PI (Fig. 2B, fraction  1) and PC liposomes (Fig. 2B, fraction 1 ) of these mutant forms was largely reduced (Fig. 3) . Finally, efficient binding of all forms of HIV-Tat and phosphomimetic FGF2 to liposomes containing an Ni-NTA lipid either in a PM-like ( Fig. 2F , fractions 1 and Fig. 3) or PC (Figs. 2G, fraction 1, and 3 ) lipid background was observed on the basis of the N-terminal His tags all of these proteins carried (Figs. 2, F and G, fraction 1, and 3) . Interestingly, HIV-Tat oligomers were observed under these conditions, suggesting that this process does not require PI(4,5)P 2 .
Oligomers of HIV-Tat and FGF2 Are Inserted Tightly into Membranes-To characterize the type of membrane association beyond electrostatic interactions with the headgroups of acidic membrane lipids, we tested whether HIV-Tat and FGF2 can be extracted from liposomes with a plasma membrane-like lipid composition including PI(4,5)P 2 using alkaline carbonate treatment (Figs. 4 and 5). As controls, a PI(4,5)P 2 binding PH domain (PH-GFP) (38) and an integral membrane protein reconstituted in liposomes (syntaxin I) (39) were used. The majority of PH-GFP was readily extractable from membranes (Fig. 4B) , with a fraction of only 30% remaining on floated liposomes in the presence of carbonate (Fig. 5 ). By contrast, syntaxin I membrane association (Fig. 4C ) was only slightly reduced upon carbonate treatment (Fig. 5 ). These properties reflect the peripheral association of PH-GFP on the basis of electrostatic interactions with PI(4,5)P 2 versus the integral embedding of syntaxin I into the hydrophobic core of the membrane. By comparison, HIV-Tat oligomers behaved like an integral membrane protein such as syntaxin I in that membrane association was fully resistant to carbonate treatment (Figs. 4D and 5). Variant forms of HIV-Tat shown in this study to bind to acidic membrane lipids ( Figs. 2 and 3) were also found to associate with membranes in a carbonate-resistant manner (Figs. 4, E-G, and 5). Phosphomimetic FGF2 showed an intermediate phenotype, with about 65% of the membrane-associated fraction being resistant to carbonate (Figs. 4A and 5). These findings suggest that membrane-associated oligomers of HIV-Tat and FGF2 are stably anchored in membranes that, in addition to electrostatic interactions with PI(4,5)P 2 , are on the basis of hydrophobic interactions.
HIV-Tat Undergoes Conformational Changes in the Presence of Membranes-Because HIV-Tat is an intrinsically unfolded protein (40, 41) , we tested whether membrane binding and oligomerization result in conformational changes employing FTIR spectroscopy (Fig. 6 ). Experiments were conducted with HIV-Tat wild-type at 5 mg/ml (435 M) in the presence of either PC, PC with PI(4,5)P 2 , or PM-like with PI(4,5)P 2 liposomes. As controls, FTIR spectra of both HIV-Tat alone and the various types of liposomes alone were recorded. The control spectra were subtracted from the spectra of HIV-Tat in the presence of lipids to expose membrane-induced changes. This approach revealed differences in secondary structures of HIV-Tat in the absence and presence of membranes as a deviation from zero (Fig. 6 ). Binding experiments with phosphomimetic FGF2 and various forms of HIV-Tat were conducted using liposomes with a plasma membrane-like lipid composition, including PI(4,5)P 2 (PM-like with PI(4,5)P 2 ) as described in Fig. 2 . As protein controls with known properties, a PI(4,5)P 2 binding PH domain (PH-GFP) and liposomes containing an integral membrane protein (syntaxin I) were used. Before samples were subjected to flotation in density gradients, they were either treated with buffer A (control) or with carbonate (100 mM (pH 11)). Both types of samples were loaded at the bottom of flotation gradients, followed by ultracentrifugation to separate floating liposomes from unbound proteins and aggregates. Gradients were divided into four fractions, with fraction 1 containing floated liposomes and fraction 4 containing unbound protein and potential aggregates. Absorbance bands characteristic for secondary structure elements are indicated as antiparallel ␤-sheet (ap-␤, maxima ϳ1620 and ϳ1695 cm Ϫ1 ), parallel ␤ sheet (p-␤, maxima ϳ1640 cm Ϫ1 ), and ␣ helices (␣, maxima ϳ1654 cm Ϫ1 ). The spectra shown are the average of at least three measurements. w, with.
We found that the relative amounts of both ␣ helices (maximum at ϳ1654 cm Ϫ1 ) and parallel ␤ sheets (maximum at ϳ1640 cm Ϫ1 ) are reduced in the presence of membranes. By contrast, the relative amounts of antiparallel ␤ sheets (maxima at ϳ1620 and ϳ1695 cm Ϫ1 ) increased strongly in the presence of membranes. When different types of liposomes were compared, a direct dependence of the observed conformational changes of HIV-Tat on PI(4,5)P 2 could not be observed. This was probably due to the high concentration of HIV-Tat (435 M) that was required for FTIR experiments, resulting in some degree of PI(4,5)P 2 -independent membrane pore formation (see below; Fig. 7C) . Therefore, the observed changes in HIV-Tat secondary structure were triggered in the presence of lipid bilayers and correlated with membrane pore formation.
HIV-Tat Efficiently Forms Membrane Pores in a PI(4,5)P 2 -dependent Manner-Because PI(4,5)P 2 -dependent oligomerization and membrane pore formation are key events in unconventional secretion of FGF2 (11, 13, 26, 29 , 30), we tested whether HIV-Tat has similar properties. A well established dequenching assay was used to monitor membrane pore formation on the basis of physical membrane passage of a small fluorescent tracer (26, 29) . These studies revealed that HIV-Tat is capable of forming membrane pores in a highly efficient manner, with substantial activity at protein concentrations as low as 0.1 M (Fig. 7A ). By comparison, appreciable amounts of membrane pore formation by phosphomimetic FGF2 required a protein concentration of at least 1 M (Fig. 7B) (26, 29) . When HIV-Tat was incubated with liposomes entirely formed from PC, membrane pore formation was only detectable at high concentrations of HIV-Tat, starting at 10 M (Fig. 7C) . At a concentration of HIV-Tat of 435 M, a condition that revealed conformational changes in the presence of lipid bilayers (Fig. 6 ), substantial amounts of membrane pore formation were observed (Fig. 7C ). However, in the presence of PI(4,5)P 2 , a similar activity was already observed at 0.1 M HIV-Tat, establishing the strong stimulatory effect of PI(4,5)P 2 on membrane pore formation mediated by HIV-Tat.
As opposed to the membrane binding properties of HIV-Tat ( Figs. 2 and 3 ), membrane pore formation was critically dependent on PI(4,5)P 2 (Fig. 8, A and B) . First, replacing PI(4,5)P 2 with an Ni-NTA lipid to recruit HIV-Tat to membranes via a His tag resulted in much lower (PM-like with Ni-NTA liposomes) or no activity (PC with Ni-NTA liposomes) of membrane pore formation (Fig. 8A) , a phenomenon also known for FGF2 (13, 29) . Second, variant forms of HIV-Tat with amino acid substitutions that have been implicated previously in PI(4,5)P 2 binding and HIV-Tat secretion from cells (19) were found to cause a massive loss in membrane pore formation (Fig.  8B) . In comparison to phosphomimetic FGF2 (26), however, oligomerization and membrane pore formation by HIV-Tat was not driven by intermolecular disulfide-dependent forma- (26, 29) . The buffer control is shown in black. The results shown are representative of three independent experiments. w, with. C, a titration of HIV-Tat wild-type is shown to analyze membrane pore formation with PC liposomes at concentrations of HIV-Tat (up to 435 M) that were used in the FTIR experiments ( Fig. 6 ).
tion of HIV-Tat oligomers (Fig. 8C ). While pore formation activity of phosphomimetic FGF2 was inhibited in the presence of DTT, the formation of membrane pores by HIV-Tat was even enhanced in the presence of reducing agents. With regard to phosphomimetic FGF2, these data are consistent with earlier findings demonstrating a direct role of two surface-exposed cysteines in both membrane pore formation and FGF2 secretion from cells (26) . By contrast, stimulation of HIV-Tat membrane pore formation in the presence of DTT is likely to be due to preventing random oxidation of cysteine residues in HIV-Tat. This may, in turn, maintain the membrane activity of HIV-Tat. Therefore, although both phosphomimetic FGF2 and HIV-Tat form oligomers involved in membrane pore formation, only FGF2 depends on the formation of intermolecular disulfide bridges in terms of efficient oligomerization.
Discussion
This study aimed to establish a biochemical basis for the previously observed dependence of HIV-Tat secretion from infected T cells on the phosphoinositide PI(4,5)P 2 (18, 19) . In addition, we analyzed whether HIV-Tat and FGF2 share key properties that point to a common core mechanism by which these proteins are secreted from cells. The central result from these studies is the demonstration of a common ability of HIV-Tat and FGF2 to form oligomers in the presence of lipid bilayers concomitant with the formation of PI(4,5)P 2 -dependent membrane pores. Similar to previous studies on FGF2, membrane pores formed by HIV-Tat were interpreted as intermediates in HIV-Tat membrane translocation. Full membrane translocation as it occurs in cells is likely to depend on additional factors that are not yet included in our reconstitution system. For example, HIV-Tat has been shown to bind to heparan sulfate proteoglycans on cell surfaces (3), a property known to be required for full membrane translocation of FGF2 (32, 33) .
Although HIV-Tat and FGF2 differed in terms of specificity regarding binding to acidic membrane lipids, both proteins formed membrane-inserted oligomeric structures that allowed for physical passage of a fluorescent tracer. For both proteins, this process was dependent on the phosphoinositide PI(4,5)P 2 . However, both membrane binding and pore formation by HIV-Tat were much more efficient than what was observed for FGF2. At protein concentrations as low as 0.1 M, HIV-Tat displayed substantial membrane activity, whereas appreciable amounts of membrane pore formation mediated by FGF2 required protein concentrations of at least 1 M. These observations may at least in part explain why HIV-Tat secretion from cells is more efficient compared with FGF2 (19, 33) . For HIV-Tat, the phenomenon of membrane pore formation could be separated from membrane binding because acidic membrane lipids such as PI and PS allowed for HIV-Tat membrane recruitment. However, in the absence of PI(4,5)P 2 , membrane-bound HIV-Tat did not promote pore formation. This finding was consistent with other experimental conditions recruiting HIV-Tat to membranes by an artificial membrane anchor, an Ni-NTA membrane lipid recruiting His-tagged proteins. Similar to previous observations with FGF2 (29) , His-tagged HIV-Tat recruited through the Ni-NTA lipid did not promote membrane pore formation in an efficient manner. Intriguingly, residues in HIV-Tat (tryptophan 11, arginine 49, and lysines 50 and 51) that have been shown previously to be critical for unconventional secretion of HIV-Tat from infected T cells (19) were also essential for membrane pore formation induced by recombinant HIV-Tat. Our combined findings suggest that these residues are not essential for membrane binding. However, they are critical for orienting HIV-Tat in the PI(4,5)P 2 -dependent manner required for proper oligomerization and membrane pore formation. This study further provides evidence that this process involves conformational changes converting HIV-Tat from an intrinsically unfolded protein (40, 41) into membrane-inserted oligomers. In the course of this, hydrophobic contacts with the core of the membrane are established, as indicated by membrane insertion of HIV-Tat oligomers in a carbonate-resistant manner. These hydrophobic interactions within the membrane core are likely to be mediated by the central hydrophobic domain of HIV-Tat (42). A similar phenomenon was observed for FGF2, with a significant fraction of oligomers being inserted into the membrane in a carbonate-resistant manner. Despite these similarities, we also observed differences in the molecular requirements for HIV-Tatversus FGF2-mediated membrane pore formation. Most strikingly, FGF2 oligomerization and membrane insertion are known to be driven by the formation of intermolecular disulfide bridges (26) . By contrast, we found that membrane pore formation by HIV-Tat occurs with increased efficiency in the presence of reducing agents, indicating that random oxidation of HIV-Tat is prevented under these conditions. In conclusion, despite differences in binding specificity to acidic membrane lipids and the mechanism by which HIV-Tat and FGF2 oligomerize in the presence of lipid bilayers, this study identifies a common core mechanism of unconventional secretion of FGF2 and HIV-Tat: the ability to oligomerize and to form membrane pores in a phosphoinositide-dependent manner. Beyond FGF2 and HIV-Tat, this mechanism of unconventional secretion is likely to be relevant for a much broader group of unconventionally secreted proteins. 
